To understand the role of medically significant hemodynamic wall parameters in the pathogenesis of vascular diseases, pulsatile blood flow in large human arteries of systemic, pulmonary and coronary circulation is investigated by mathematical modelling. To be medically realistic, the pressure gradient waveforms reported in the cardiology literature for the arteries considered are digitised and developed in Fourier series (McDonald's model). Three objectives of the article are to (i) compare qualitatively and quantitatively the pulsatile blood flow between the parallel plate and circular geometry, (ii) compare the hemodynamic wall parameters in the three major circulations mentioned above to gain new medical or physiological insights and (iii) understand if slip at the wall has significant influence on the hemodynamic wall parameters. Our model is reliable since the results obtained here through exact solutions are in great agreement with those reported in the medical literature. New insights gained from our study, documented here for the first time in the hemodynamic literature, are as follows: parallel plate geometry approximation is not reliable quantitatively; larger the radius (Womersley number), larger is the value of relative residence time and hence, higher the probability for vascular diseases; none of the commonly employed interface conditions are suitable for the hemodynamic studies. Comparing our results with earlier studies, we recommend that future research should focus on developing an interface condition exclusively for haemodynamics. We support the recent understanding that low wall shear stress and high oscillatory shear index need not co-locate. We have rendered new physiological insight for this result.
Introduction
Cardio vascular disease (CVD) is the single largest cause of death worldwide responsible for more than half of the mortality in the developed countries. CVD occurs when blood flow is unable to respond to an increase in metabolic demand due to the abnormal and unnatural growth in the arterial wall that narrows down the cross section of the artery at various locations of cardiovascular system. Atherosclerosis, atheroma and thrombus are the most common vascular diseases. The commonly assumed reasons for the cause and formation of plaques or fatty streaks in the blood vessels are high blood pressure, high blood cholesterol levels, cigarette smoking, diabetes, obesity, lack of exercise, etc. On the other hand, it has been understood that the pathogenesis of CVD, to a great extent, is related to the hemodynamic factors such as wall shear stress (WSS), oscillatory shear index (OSI) and relative residence time (RRT). The lipid profile hypothesis for CVDs was challenged during 1980s by active exponents of hemodynamic and mechanical geneses of atherosclerosis such as Texon, (1986) and Stehbens, (1988) who established that such a hypothesis was statistically unsound and hence should be considered indecisive. Texon, (1986) established that the hemodynamic factors were the main causative determinants in localisation and pathogenesis of atherosclerosis which is due to a reactive biological response of blood vessels to the low WSS (Texon, 1986) . Furthermore, Texon (1986) pointed out that critical study of apolipoproteins, the lipid hypothesis and coronary heart disease (CHD) did not find cholesterol levels related to heart disease. He further argued that atherosclerosis and myocardial infarction occur without relation in a causative sense to the level of cholesterol or any lipid fraction in the blood which is the common experience of every practicing physician (Texon, 1989) . In late 1980s, when the controversy on aetiology and pathogenesis of atherosclerosis continued, he emphasised that the cholesterol heart hypothesis should be held in abeyance while more promising alternative directions for atherosclerosis research including haemodynamics should be explored (Texon, 1989) . Based on the epidemiological studies on atherosclerosis, Stehbens (1997) propounded that atherosclerosis is the response to hemodynamically induced repetitive stresses due to the pulse pressure and lesser flow-generated vibrations resulting in bioengineering fatigue occasioned by cumulative molecular fragmentation of mural constituents. According to Stehbens (1997) , consistent topography, transmural involvement and variation in severity and rate of progression in individual atherosclerotic lesions collectively indicate the dominant and primary role of haemodynamics. He further stated that susceptibility, proclivity and predisposition of atherosclerosis to form in selected locations of arteries like bifurcation or curved terminal segments and its severity indicates that there must be a hemodynamic factor governing such localisation and it must also be responsible for the development and progression of atherosclerosis. He attributed such a factor to flow disturbances and augmented pulsatility (Stehbens, 1997) . These seminal and pioneering studies provided a great impetus for studies on hemodynamic causes of CVDs.
Of late, the developments in these lines have gained unprecedented momentum that accurate analysis and interpretation of hemodynamic factors based on precise knowledge and understanding of local blood flow by patient specific simulations is emerging as a promising clinical tool in diagnosing as well as in treatment and clinical management of CVD (Gallo et al., 2015) . There is an ever-increasing awareness of the potential of hemodynamic modelling and quantitative data provided in silico in harnessing the power of biofluid mechanics to solve problems related to the origin, the development and progression of CVD and in patient-specific prediction of the outcome of therapeutic interventions (Gallo et al., 2015) . Such a status motivated us to carryout aetiological investigations to explore the role of HWPs in the origin, development and severity of lifethreatening CVDs in this work.
The theory of pulsatile blood flow was initiated by Leonhard Euler in 1775 and Thomas Young in 1808 (Zamir, 2000) . Later on, numerous attempts have been made to study pulsatile blood flow in the vascular system. The pulsatile flow through circular pipe was studied by Richardson (1926) during his experiments on sound waves. In 1955, Womersely has obtained an exact solution for a purely oscillatory flow in a rigid cylindrical tube of uniform cross section and brought out the importance of such flows in physiology. An exact solution of pulsating laminar flow superposed on the steady motion in a rigid circular pipe has been presented by Uchida (1956) . Atabek and Chang (1961) studied the oscillatory flow near the entry of a circular tube. Muto and Nakane (1980) investigated the unsteady flow in circular tube. Blick and Stein (1984) derived the simple solution for pulsatile flow in rigid tubes by applying variational method. Shivakumar et al. (1986) analysed the steady flow of blood in a channel of varying gap bounded by infinite porous wall. Ramakrishana and Shailendhra (2011), Ramakrishana and Shailendhra (2013) investigated the steady motion of blood in a channel bounded by infinite and finite porous wall and employed Beavers and Joseph (BJ) and BeaversJoseph and Rudraiah (BJR) slip conditions at the interface, respectively.
Blood flow is pulsatile and the real challenge lies in modelling the pressure gradient, the driving force for blood, generated by the rhythmic pumping of the heart, as a periodic function of time. In almost all studies in the past few decades, modelling blood flow as pulsatile has employed Burton's model in which the pressure gradient is described as (Nichols and O'Rourke (2005) 
where 0 A is the constant amplitude of pressure gradient and 1 A is the amplitude of pulsatile component giving rise to the systolic and diastolic pressure, where 2 f ω π = is the pulse frequency and 1.2 Hz f = is the heart frequency. For detailed literature of Burton's model, one can refer to the work of Gayathri and Shailendhra (2014) .
However, Chaturani and Bharatiya (2001) criticised such representations by highlighting that such models are either too ideal or incorrect. They developed the Fourier expansion of the pressure gradient for the pulmonary artery by utilising the pressure gradient waveform that was available in the medical literature and employed the same in their investigation. This is precisely the McDonald's model of describing the pressure gradient. Indeed, though the model is named after McDonald, it was jointly developed by McDonald and Womersley (Nichols and O'Rourke, 2005) in their pioneering work on pulsatile flow of blood during [1955] [1956] [1957] [1958] [1959] [1960] . This method is based on the established fact that the entire arterial system is in steady state oscillation and that the investigation can be carried out in the frequency domain rather than in the time domain (Nichols and O'Rourke, 2005) . The advantage is that the n th harmonic of the velocity is influenced only by the n th harmonic of the pressure gradient due to the linearity of the problem. Later, Greenfield and Fry (1965) confirmed the validity of McDonald's model by experimental methods.
In this context, Gayathri and Shailendhra (2014) investigated the pulsatile blood flow in three human arteries, brachial, femoral and pulmonary, and carried out a very exhaustive comparative study of Burton's and McDonald's model for pressure gradient and established the superiority of McDonald's model over the commonly employed Burton's model in capturing the pulsatile nature of blood flow. They disproved the common hypothesis in the cardiovascular literature that the low WSS and high OSI co-locate although both may contribute to the pathogenesis of atherosclerosis. However, they have modelled blood flow in the artery to be a flow between two parallel plates which is a common approximation employed for axisymmetric flows since it is mathematically convenient to avoid the cumbersome integration and differentiation of modified Bessel functions with complex arguments while calculating the HWPs and simply replace them with those of hyperbolic functions. In this present work, we extend the above work (Gayathri and Shailendhra, 2014) to the case of pulsatile blood flow through an artery of uniform circular cross section with rigid porous walls. Indeed, Loudon and Tordesillas (1998) envisaged that a simple blood flow model through parallel plate channel can predict qualitatively the same results which are obtained through a model of blood flow through a tube of uniform circular cross section although quantitatively there may be significant differences in the results. However, to the best of our knowledge, no work is reported in the literature to estimate the quantitative differences in the hemodynamic factors in the mathematical modelling of pulsatile blood flow through parallel plate channel and through a circular tube. Hence, one of the main objectives (Objective I) of this article is to compare the present work with the work of Gayathri and Shailendhra (2014) on pulsatile blood flow though parallel plate channel and provide a measure on the quantitative differences in hemodynamic factors such as velocity of blood in lumen and WSS.
The cardiovascular system includes the heart, blood and blood vessels of the systemic and pulmonary circulation. Indeed, in each cardiac cycle, the heart pumps rhythmically and generates the pulsatile (oscillates with a non-zero mean) pressure gradient to drive the blood throughout the cardiovascular system. In systemic circulation, the blood perfuse all the system tissues by supplying oxygen and nutrients via arteries and arterioles. In pulmonary circulation, the deoxygenated blood away from the heart is carried to the lungs, via veins and venules, to oxygenate and in turn to supply oxygenated blood back to the heart. On the other hand, heart has its own unique blood supply, more commonly known as coronary circulation, which encircles the entire surface of the heart to supply oxygen-rich blood. Coronary flow is strongly influenced by the contraction and relaxation of the ventricles and atria (Nichols and O'Rourke, 2005 ) and hence it is completely different from the systemic and pulmonary circulation. It has been recognised that the severity or vulnerability of CVD depends on the location of the artery, viz., namely whether it is in systemic or pulmonary or coronary circulation. It is most severe in high pressure systemic circulation, less severe in pulmonary arteries and least severe in the low pressure veins but hypertension enhances it in every circulation (Stehbens, 1988) . In fact, atherosclerosis formation in the coronary artery is more critical as well as life threatening. If coronary atherosclerosis progresses to the point where the flow to the distal heart tissue is limited, especially when the blockage is more than 80%, there is a high risk of myocardial infarction. This demonstrates that a firm understanding of coronary circulation will be of immense use in making appropriate diagnosis and to decide upon suitable percutaneous coronary intervention or bypass graft. Thus, one of the objectives (Objective II) of this article is to investigate the pulsatile flow of blood in human arteries not only in the systemic and pulmonary circulation, but also in the coronary circulation and to compare qualitatively and quantitatively the hemodynamic factors which are highly responsible for the pathogenesis of atherosclerosis. Although atherosclerosis is not confined to the intima of large-and medium-sized arteries, it is primarily observed only in such arteries (Stehbens, 1997) . Accordingly, the arteries considered here are large-sized arteries such as brachial and femoral artery from systemic circulation, pulmonary artery from pulmonary circulation and coronary artery from coronary circulation. Gayathri and Shailendhra (2014) concluded that it is enough to use Saffman slip condition instead of the well-known BJ condition as the order of magnitude of the Darcy velocity in the porous wall is very less compared to that of slip velocity at the wall. Hence, in this article, Saffman slip condition as well as no-slip condition has been employed as the lumen-wall interface condition. As the third objective (Objective III), we compare our results of Saffman slip boundary condition with those of no-slip condition which is also employed in this article and also with those of BJ and BJR conditions employed earlier in the literature. Based on our comparison, we find that none of the interface conditions commonly used in the literature on rigid porous walls seems to be completely satisfactory. Furthermore, we comment on the existing interface conditions in the literature and propose that an exclusive lumen-wall interface condition is yet to be developed for hemodynamic problems.
Exact solution for the velocity of blood and WSS is found for all the four arteries considered here. A detailed analysis on the velocity, slip velocity and the three HWPs (see Section 3) are also carried out. Wherever possible, the results are compared with the data available in the medical literature as well as with the work of Gayathri and Shailendhra (2014) on parallel plate geometry. The biological significance and interpretation of the results obtained are presented with the available information in the medical literature.
Mathematical formulation and solution
Consider the axisymmetric pulsatile flow of blood in an artery of uniform circular cross section of radius R bounded by a rigid porous wall at r R = . The governing equations for the pulsatile flow of blood in the artery are given by the mass conservation equation and the momentum equation
where q denotes the velocity of the blood in the lumen, p denotes the pressure and μ , p denote the viscosity and density of the blood, respectively.
McDonald pointed out that whenever the radius of an artery is greater than 0.00025 m , the artery can be considered as large sized and that blood can be treated as Newtonian (Nichols and O'Rourke, 2005) . In the present investigation, all the arteries are large and hence, blood is treated as Newtonian. Indeed, in large arteries, the damping of flow is an inherent property of an oscillating flow and it does not require the assumption of strange viscous properties (Nichols and O'Rourke, 2005) . Furthermore, it was also shown by Taylor (1959) that the assumption of a constant viscosity coefficient in large arteries leads only to insignificant errors.
Blood flow is assumed as one-dimensional. The pressure gradient generated by rhythmic contraction and relaxation of heart in each cardiac cycle in the axial direction is very large compared to the pressure gradients developed by transmural and osmotic pressure in the radial and azimuthal directions; hence, the flow in these two directions can be safely ignored in the present study.
Arterial walls are assumed to be a single-layered rigid permeable wall. Indeed, arterial walls are multi-layered visco-elastic permeable walls. However, Ku (1997) pointed out that wall distensibility can be considered as secondary effect and hence it may be neglected. Furthermore, it was found that the influence of wall motion was low on time-averaged WSS and OSI, but its effect on the instantaneous WSS was clearly visible. Therefore, if instantaneous WSS is to be investigated, a fluid structure interaction simulation may be considered (Lantz et al., 2011) .
After making the above simplified assumptions, the governing equations for the blood flow in the lumen, in cylindrical coordinates, takes the form
The pressure gradient is described using McDonald's model and is given by For coronary artery, the pressure gradient waveform given in Moore et al. (1994) has been digitised by extracting nearly 280 data points to develop a Fourier series with 50 harmonics with the root mean square error of 1 0.1706 Pa m − . The Fourier coefficients for the coronary artery are provided in the Appendix, at the end of this article. The Fourier coefficients corresponding to the pressure gradient waveforms of brachial (with 60 harmonics), femoral and pulmonary (with 50 harmonics in each case) are provided in a corresponding parallel plate geometry problem dealt with by Gayathri and Shailendhra (2014) in the Appendix section of their article along with the values of the mean square error. Comparison of the original waveforms with the Fourier series for brachial, femoral and pulmonary artery has been carried out by plotting the original waveforms and the corresponding Fourier series expansion by Gayathri and Shailendhra (2014) . Here, we provide such a comparison for the coronary artery in Figure 1 . The velocity of blood and slip-velocity near the wall can be written as 
The Saffman slip condition employed at the lumen-wall interface in the dimensional form is given by is finite when 0 u r= (8)
where k and α denote the BJ slip coefficient and the permeability of the arterial wall respectively The physical quantities are cast in the non-dimensional form using the characteristic length R, the characteristic time 1 ω − and the characteristic velocity Rω . Thus, the non-dimensional equations for the steady part of the velocity u , and the nth harmonic of the unsteady part of the velocity n u are given by
with u is finite when 0 r = and when 1
with n u is finite when 0 r = and 1
w h e n r r Rα
is the dimensionless number of the pulsatile flow frequency in relation to viscous effects and is known as Womersley number. Equation (11) is the wellknown Modified Bessel's equation of order zero. With little routine mathematical manipulations, it can be seen that the nondimensional form of velocity of blood in the artery with Saffman slip condition at the lumen-wall interface is given by 
Similarly, the non-dimensional form of velocity of blood in the artery with no-slip condition u is finite when 0 r = and 0 B u = when r R = at the wall is given by
where 0 I and 1 I denote the modified Bessel function of order zero and one.
Hemodynamic wall parameters
Hemodynamic wall parameters play a fundamental role in the regulation of vascular biology. They are used to find the correlation between the flow dynamics and the abnormal biological response of the arterial wall. The medically significant HWPs considered in the present study are WSS, OSI and RRT. The definition and the biological significance of HWPs are given below.
Wall shear stress
It is well known that major regulation of the blood vessel responses occurs by the action of hemodynamic shear stresses on the endothelium (Davies, 1995) . WSS, the frictional shear force determined by blood flow impacting on the endothelium triggers a biochemical response, exerting a critical impact on endothelial function and structure as well as gene expression (Davies, 1995) . WSS is defined as
The magnitude, the spatial and temporal variations of WSS are important determinants of CAD. WSS is sensed on the luminal surface of endothelial cells by various ion channels and cellular receptors that activate integrins and adhesion molecules by a process called mechanotransduction. This initiates several downstream signalling cascades that produce reactive oxygen species and activate mitogen-activated protein kinases and other pathways, which in turn lead to cytoskeleton remodelling and phosphorylation of transcription factors that regulate the expression of atherogenic or atheroprotective genes, respectively (Davies, 1995) . The review article by Davies (1995) serves as an excellent source to get the complete details on the role of WSS in being atherogenic or atheroprotective.
Oscillatory shear index
Another important hemodynamic factor which has been correlated with atherosclerosis is OSI, which accounts for the cyclic departure of WSS from its predominant axial direction. Although the original mathematical definition of the OSI was developed by He and Ku (1986) , an alternative definition introduced by He and Ku (1996) is widely used and is given by
This ratio varies between 0 and 0.5. Both WSS and OSI are essential in analysing the abnormalities of the flow dynamics because low WSS at a single time point alone cannot precisely indicate the temporal abnormalities of the flow dynamics. OSI is known to correlate strongly with intimal thickening in the artery, particularly, coronary artery (He and Ku, 1996) .
Relative residence time
Not only the magnitude and direction of WSS vector, but also the length of time the blood particles drift near the arterial wall plays a vital role in understanding the pathogenesis of vascular diseases. In 2004, Himburg et al. defined a dimensional index, known as RRT, to quantify the residence time of the blood particles near the wall and is given by
From the mathematical definition of RRT, its prolongation is characterised by two properties: low velocity with low WSS and oscillatory behaviour with high OSI. Low WSS can result from flow expansion without any local flow oscillation (Himburg et al., 2004) . Thus, RRT is a marker of low or oscillatory WSS.
Results and discussion
The hemodynamics of pulsatile flow in large arteries such as brachial, femoral and pulmonary has been carried out by Gayathri and Shailendhra (2014) by approximating the flow of blood in the artery to the flow between infinite parallel plates, exploiting the axisymmetry of the flow. HWPs such as WSS and OSI were calculated and based on the values obtained, the biological response of the arterial wall has been interpreted. In this present work, we have investigated the haemodynamics of pulsatile blood flow in large arteries by assuming the cross section of the artery to be uniformly circular with rigid permeable wall. Apart from the above said three arteries, coronary artery, the important site of atherosclerosis formation, is also included in this article. Furthermore, in addition to the investigation of HWPs mentioned above, the pathogenesis of atherosclerosis is also investigated by estimating the residence time RRT of the blood particles near the wall. The results obtained are interpreted both in terms of the underlying physics and corresponding biological consequences based on the range of values for magnitude of WSS reported in the patient-specific studies in the literature.
The values of various parameters used in our computations are the viscosity of the blood . Whale et al. (1996) measured the permeability of an ostensibly healthy human aortic wall for the cylindrical geometry to be ( )
The radius of coronary, brachial, femoral and pulmonary artery are 0.0015 , 0.0017 , 0.0033 and 0.0135 m , respectively. The analytical expression for the velocity of blood in the lumen with (Saffman slip) and without slip condition (no-slip) at the lumen-wall interface is given in Section 2. For pulsatile flow, the time-averaged velocity and WSS are found numerically by integrating the respective quantities over one cardiac cycle and the values obtained are provided in Table 1 . The mean centre-line velocity, peak, minimum velocity and the slip velocity, mean WSS, peak, minimum, root mean square value of WSS, OSI, RRT and Womersley number of all the four arteries in three different circulations are provided in Table 1 . The pulsatile waveform for the velocity and WSS for all the four arteries are presented graphically in the dimensional form in Figures 2-9 . 
Objective I
By comparing the results pertaining to pulsatile blood flow through uniform circular tube with the corresponding earlier study through a parallel plate channel (Gayathri and Shailendhra, 2014) , it is found that 1 From Figures 2 to 9, it is clear that the McDonald's model captures the pulsatile nature of the flow even in the case of uniform cross circular section as in the earlier study using parallel plate channel.
2 The time-averaged velocity and WSS value estimated by approximating the geometry as flow through parallel plate is equal to twice the value estimated for the uniform circular tube. This is the precise quantification of the changes in velocity and WSS between the two most widely used geometries for the blood flow which was expected by Loudon and Tordesillas (1998) and to the best of our knowledge, such a quantification is not available in the literature.
3 The time at which the velocity and WSS attain their peak or minimum values are not the same in the above two geometries.
4 OSI value is underestimated by plate geometry since it overestimates the value of WSS.
The above results establish the fact that though mathematically it is complicated and complex to deal with the Modified Bessel functions encountered in the circular geometry compared to the hyperbolic functions that we come across in the parallel plate geometry, it is advisable to deal with the circular geometry to get quantitatively accurate values for time-averaged velocity and WSS, OSI, RRT in large arteries. The results reported in the current work are quantitatively in good agreement with the results available in the medical literature which is explained in detail throughout this article. This not only justifies the necessity of the present article, but also helps us to infer that our mathematical modelling is realistic and reliable.
Objective II

Coronary circulation
Coronary arterial system is an important clinical site of atherosclerosis. The marked anatomic variation and limited detailed information on flow conditions in the coronary arteries have restricted the number of hemodynamic studies in the coronary circulation (He and Ku, 1996) . Figure 2 depicts the pulsatile velocity of coronary artery over a cardiac cycle. Theoretically estimated value from our model for the mean centre-line velocity in the coronary artery is 1 0.2073 ms − which is in good agreement with the result reported in a cardiology journal by Ofili et al. (1993) , respectively. Our result seems to be in par with mild diseased artery range which is explained below.
The estimated values for the magnitude of mean WSS and OSI of coronary artery are 1.1055 Pa and 0.0864 . (Table 1) . He and Ku (1996) measured the mean WSS and OSI of coronary artery to be 1.6 Pa and 0.08 respectively, using computational model. The slight difference in the WSS value can be attributed to the fact that we have computed the value in a region where the artery is straight, whereas He and Ku (1996) have measured the same in the region of bifurcation. For the coronary artery segment of average diameter 3.1 0.6 mm ± , Gijsen et al. (2008) estimated the value of mean WSS to be 1.28 0.16 Pa ± in vivo. It appears that our results are in good agreement with the results reported in the medical literature. Malek et al. (1999) classified the shear region as normal, atherosclerotic prone and high shear region based on the range of WSS as 1 -7 , 0.4 ± and 7 1 0 Pa − or more, respectively. Also, He and Ku (1996) pointed out that the mean WSS below 1 Pa is much more atherogenic than those above a threshold level. Our estimated value of magnitude of WSS is slightly higher than 1 Pa , indicating that the subject of coronary artery segment may have mild atherosclerosis.
From Figure 3 , it is observed that only for a short duration in a cardiac cycle the WSS is positive and the rest of the time it is completely negative. Physically, this is due to the change in the direction of WSS vector from positive to negative and vice versa in a cardiac cycle. Biologically, this fluctuation in the direction of WSS vector disturbs the endothelial cell alignment. Furthermore, we find that the RRT of the coronary artery reported here seems to be relatively low and hence, it is inferred that the blood particles lingering near the wall have less chance of penetrating into the arterial wall. However, it is important to note that (Burton, 1966) , based on many post-mortem study on sudden death, has concluded that many patients die suddenly of coronary infarction, although the infarcted area, at post-mortem, seems less important than that in other patients who survive. This has led to the theory that occlusion of a single coronary arterial branch by a thrombus or an embolus might lead to widespread spasm of other coronary arteries. Thus, we strongly believe that several repeated measurements on these parameters are to be made for a given subject before concluding the status of his/her coronary artery.
Pulmonary circulation
Referring to Figure 4 and Table 1 , the peak velocity and the estimated mean centre-line velocity in the pulmonary artery are 0.3374 and 1 0.1347 ms − , respectively. Incidentally, Gabe et al. (1969) measured the peak velocity and the mean velocity in the pulmonary artery of 16 patients as 0.38 and 1 0.13 ms − , respectively. Thus, our results are in good agreement with the results reported in medical literature by Gabe et al. (1969) . Once again, the pulsatility is captured by McDonald's model in circular geometry as that of plate geometry (Gayathri and Shailendhra, 2014) . Incidentally, the result reported for mean centre-line velocity by Gayathri and Shailendhra (2014) for the case of flow through parallel plate channel matches only in terms of order of magnitude of mean velocity with the medical literature.
The magnitude of mean WSS estimated from our model is 0.0798 Pa which indicates that pulmonary artery segment is a low shear region. The mean WSS observed by Beverly et al. (2012) Terada et al. (2016) may possibly be attributed to the patient-specific studies and also to the geometry of the artery which is elliptic cross section and not circular. As classified by Malek et al. (1999) , TAWSS value of pulmonary artery indicates that the artery is more prone to vascular disease. Significantly, larger values of OSI and RRT in the pulmonary artery may disturb the alignment of endothelial cells and thereby reduces the nitric oxide (NO) synthesis which in turn will affect endothelial signalling pathway or may cause even rupture. However, it is well known that the pulmonary artery is spared from neointimal hyperplasia except under PAH (Botney, 1999) . Thus, it may be inferred that the subject from whom the pressure gradient was measured in this artery might have possibly had PAH.
It is observed from Figure 5 that WSS is often changing sign from positive to negative and vice versa. Physically, this change is due to the change in the direction of WSS vector near the wall in the cardiac cycle. Biologically, this rapid fluctuation in the WSS vector direction will cause endothelial dysfunction. The disturbance in the endothelial cell alignment will increase the permeability of endothelial layer. This in turn increases the probability of lingering blood particles near the wall to penetrate into the arterial wall. These dramatic changes in the WSS vector of the pulmonary vasculature in PAH patients would have significant effects on pulmonary endothelial health and remodelling as demonstrated by Beverly et al. (2012) . Figure 6 depicts the pulsatile velocity of blood in the lumen of human brachial artery of diameter 3.4 mm . The mean centre-line velocity estimated in the present study and the value reported by Gayathri and Shailendhra (2014) It is to be noted here that the pressure gradient waveform used in the present analysis is taken from Sinoway et al. (1989) . Thus, McDonlad's model captures the pulsatile nature of the velocity more accurately in uniform circular cross section in comparison to the earlier work (Gayathri and Shailendhra, 2014) in which blood flow is approximated as a flow through a parallel plate channel. Moreover, Silber et al. (2001) measured the blood flow velocity in brachial artery of 18 healthy volunteers using phase-contrast magnetic resonance angiography and calculated the spatially averaged blood flow velocity to be 1 0.223 0.065 ms
Systemic circulation
for the artery of diameter 3.84 0.6 mm ± . The slight deviation in these values may be attributed to the fact that these values are subject specific and also that they depend on the position of the subjects when the measurements were made. Verbeke et al. (2007) measured the mean WSS value to be 1.9 0.12 Pa ± , whereas the value estimated in the present investigation is 1.0907 Pa . Furthermore, Wu et al. (2004) and Saurabh et al. (2014) calculated the value of OSI of brachial artery of diameter 3.7 0.8 mm ± as 0.09 0.09 ± and 4 0.6 mm ± as 0.22 0.15 ± , whereas the value obtained in the present study is zero which is in agreement with the range provided by Sheng et al. (2004) . Furthermore, the value of RRT estimated by us is 2 1 0.9172 m N − . It is evident from Figure 7 that WSS is completely negative in the cardiac cycle. Physically, it shows that the direction of WSS vector is not at all changing throughout the cardiac cycle and it remains to be unidirectional. Biologically, it indicates that the endothelial cells align and orient themselves in the direction of WSS vector. RRT value is not significantly different from coronary artery and hence, the blood particles residing near the wall will be washed away reasonably quickly due to relatively high TAWSS which in turn reduces the probability of plaque deposits inside the arterial wall. Incidentally, Decorato et al. (2011) associate the WSS range between 1 and 2 Pa with the healthy brachial artery. Also, as classified by Malek et al. (1999) , the results obtained shows that the brachial artery can be considered as a healthy artery (for this specific subject). Medically, the artery of this specific subject may be considered as a healthy artery free from atherosclerosis.
For femoral artery of diameter 6.6 mm , the mean centre-line velocity calculated from our model is 1 0.0525 ms − . Figure 8 shows the velocity of blood in lumen of femoral artery over a cardiac cycle. Shoemaker et al. (1996) . Our results are in reasonably good agreement with the data reported in the above said medical literature.
The magnitude of mean WSS value estimated from our investigation is 0.1272 Pa , whereas the value measured by Kornet et al. (2000) is 0.35 0.18 Pa ± . Furthermore, the value of OSI and RRT estimated from our model are 0.1925 and 2 1 7.8622 m N − , respectively. Sheng et al. (2004) and Saurabh et al. (2014) reported the value of OSI for the femoral artery as 0.21 0.09 ± for the diameter 6.9 0.9 mm + and 0.27 0.1 ± for the artery diameter 6.3 0.6 mm ± . It is observed from Figure 9 that the graph of WSS is positive only for a very short period of time in a cardiac cycle. Physically, it is due to the change in the direction of WSS vector for a short period in a cardiac cycle and this oscillation is captured by the value of OSI. Biologically, this moderate fluctuation creates a disturbance in the alignment as well as in the orientation of endothelial cells in the endothelial layer. Although the disturbance is moderate, it may affect the endothelial signalling pathway through less NO protection and also may increase the permeability of endothelial layer. Furthermore, RRT value is also significantly large compared to those of coronary and brachial but relatively less than that of pulmonary artery. This significant increase in OSI combined with relatively low WSS and substantially high RRT in femoral artery indicate that the subject of femoral artery is more prone to atherosclerosis compared to the subjects of coronary and brachial arteries.
In summary, by comparing the values of TAWSS, OSI and RRT, the subject of the brachial artery may be considered to be having healthy artery, the subjects of coronary and femoral artery may be considered to have mild and moderate diseased arteries, respectively, and the subject of the pulmonary artery seems to be more prone to atherosclerosis in the artery. Thus, it is inferred that in an artery whose radius is large the severity of atherosclerosis is high.
It is of paramount importance to note that in the systemic circulation that WSS modulates endothelial function and also the systemic increase in WSS result in elevated expression of endothelial NO synthesis. Furthermore, it is envisaged that the physical, mechanical and biological cause for endothelial dysfunction in the systemic circulation is mainly due to the altered value of WSS. But NO also acts as a key modulator for pulmonary vasodilation (Tang et al., 2012) . However, little is known about the pulmonary endothelial responses to these tangential forces and their roles in the pathogenesis and progression of pulmonary vascular disease like PAH. Indeed, as a mechanoreceptor, endothelial cells are very sensitive to the fluctuation in the direction of WSS or OSI. If the vascular endothelium encounters low WSS and high OSI in a cite, then it ceases NO release and emit atherogenic substances instead (Tang et al., 2012) . This will aggravate the stiffness of the pulmonary artery and vasoconstrictions of the peripheral pulmonary circulation, which cause abnormal flow dynamics. Incidentally, Botney (1999) strongly recommended that more number of hemodynamic studies should be encouraged on pulmonary circulation as that of systemic circulation and further, he emphasised that the above said study should be made on both diseased and non-diseased arteries. Furthermore, OSI is a sensitive indicator of time to time fluctuations of the local WSS and it has been conjectured that OSI is affected by irregular flow, particularly regurgitation that is more common in the PAH patients (Terada et al., 2016) .
In the present study, except for brachial all the other arterial segments are found to have low shear regions. But the oscillation of WSS vectors direction, captured by OSI, is not the same. In coronary region, TAWSS is slightly higher than 1 Pa and the OSI is very close to zero. In femoral, TAWSS is low but OSI is moderate and for pulmonary, TAWSS is low but OSI is high.
• Thus, our results indicate that OSI need not be high in low shear regions. This result is in agreement with the results reported by Fytanidis et al. (2014) and Gayathri and Shailendhra (2014) . This may be because of the following reason:
• In a region of low shear, the particles may not be washed away quickly by the tangential force and therefore either the particles will move slowly in the axial direction near the wall (where the velocity is nearly zero, even when there is a slip) or may linger around the particular region of the wall by oscillating back and forth. In the former case, the OSI will be low, whereas in the latter case the OSI will be high.
• From Table 1 , it is observed that when OSI is non-zero that is WSS vector fluctuates between positive and negative values, larger value of OSI corresponds to larger RRT and vice versa. This can be inferred mathematically from the very definition of RRT (Eq. 16).
• We also noticed that larger the value of Womersley number, larger the RRT. It must be noted that in pulsatile flows Womersley number is a measure of the relative importance of inertial force in comparison to the viscous force. The significance of this non-dimensional parameter in the context of hemodynamics is well explained by Loudon and Tordesillas (1998) . This clearly explains why the severity of CVD increases when the radius of the artery is large. In fact, when the Womersley number is increased the pulsatile inertial force is increased in relation to the existing viscous force in artery and therefore, the OSI as well as RRT shoot up.
• In general, we are in agreement with the result reported by Stehbens (1997) that larger the lumen, the more severe is atherosclerosis in systemic, pulmonary or venous circulations and in any arterial tree.
• From the Figures 2 to 9, it is clearly observed that whenever there is a peak in velocity, WSS is minimum and vice versa in all the four arteries.
• Furthermore, our results are in agreement with Newcomer et al. (2008) that the mean blood velocity and shear rate are lower in femoral artery than brachial artery. We also support their view that the vasculature of the lower extremities is highly vulnerable to atherosclerotic lesion formation in comparison to that of the upper extremities, which seem safeguarded against the detrimental effects of atherosclerosis (Newcomer et al., 2008) .
Objective III
During our computations, we found that there was no significant change in all the results obtained when we employed Saffman slip condition or no-slip condition; therefore, no additional figures and tables are provided for the results pertaining to no-slip condition. It is also worthwhile to note that the well-known BJ and BJR conditions have been employed in the earlier literature (Gayathri and Shailendhra, 2014; Vinod et al., 2016) on blood flow and no significant difference in the results were observed. Furthermore, the order of magnitude of the time-averaged slip velocity is almost zero, not only in this work (Table 1) but also in the works stated above (Gayathri and Shailendhra, 2014; Vinod et al., 2016) . Hence, it appears that there is no necessity to employ slip conditions such as Saffman, BJ and BJR at the lumen-wall interface in hemodynamic problems. However, it must be noted that BJ slip condition can be employed at the interface only when the porous layer is densely packed and the layer is of infinite thickness. In the case of blood flow, the porous layer, the endothelium is densely packed but the arterial wall is of finite thickness. Saffman condition is nothing but the modified form of BJ condition and hence, may not be suitable for hemodynamic flows. Also, BJR slip condition can be employed at the interface only when the porous layer is sparsely packed and the layer is of finite thickness. In the case of blood flow, the arterial wall is of finite thickness but the endothelial layer is not sparsely packed. There are many interface conditions available in the general context of flow through conduits with porous walls, namely, 1 Continuity of both the tangential velocity and the tangential shear stress.
2 Continuity of the tangential velocity but discontinuity of the tangential shear.
3 Discontinuity of both the tangential velocity and the tangential shear stress.
For complete details about these slip conditions, one may refer to Le Bars and Grae Worster (2006) . All these slip conditions mentioned so far involve a dimensionless constant which is sensitive to interface geometry, the materials involved and the flow direction at the interface but not on the nature of the fluid and its value can be estimated only experimentally (Le Bars and Grae Worster, 2006) . Furthermore, from our literature survey on the conditions under which the above interface conditions can be employed, we strongly believe that none of the conditions are relevant to the hemodynamic problems. However, due to the porous nature of the wall as per the experimental work of Beavers and Joseph, there must be a slip at the lumen-wall interface and hence, it is recommended that the future research must focus on finding an appropriate interface condition to incorporate the slip at the wall in hemodynamic problems.
Conclusion
To the best of our knowledge, this is the first explicit study comparing hemodynamics through parallel plate geometry with circular geometry, Saffman slip with no slip by describing the physiological pressure gradient from cardiology literature using McDonald's model in four different sites not only in systemic and pulmonary circulation but also in coronary circulation. Based on the elaborate discussions rendered in the previous section, delineating the underlying physics and biological significance of the results obtained, we conclude the following:
Objective I
It is established that the usual approximation of blood flow through arteries as a flow between parallel plate channels is not quantitatively reliable, especially the values of OSI and RRT estimated therein. This is because such an approximation overestimates WSS and hence, underestimates OSI. Therefore, it is not advisable to employ this approximation for investigations on the aetiology and pathogenesis of atherosclerosis.
Objective II
Based on the investigation of pulsatile velocity and HWPs in four arteries in three major circulations in cardiovascular system, it is summarised that i in an artery whose radius is large the severity of atherosclerosis is high
ii OSI need not be high in low shear regions
iii larger the value of Womersley number, larger the RRT iv whenever there is a peak in velocity, WSS is minimum and vice versa.
Obtained results are in good agreement with the data given in the medical literature, indicating the reliability of our mathematical model. However, it is suggested that before making any diagnostic or prognostic decisions on CVDs, several repeated measurements on the HWPs are to be made for a given subject. In this regard, we also recommend that a proper documentation on the values of OSI and RRT and its biological significance in predicting the pathogenesis of vascular diseases is to be done following the lines of Davies (1995) who has documented the biological significance of WSS.
Objective III
Based on our computational results, we found that there was no significant change in all the results obtained when we employed Saffman slip condition or no-slip condition at the lumen-wall interface, since the slip velocity is almost zero. We have explained that none of the commonly employed interface conditions in the literature of porous media are suitable for the hemodynamic studies.
We recommend that a new physiologically relevant lumen-wall interface condition to capture the slip at the arterial wall is to be developed due to the limitations as well as the irrelevance of the existing interface conditions in the context of haemodynamics. 
